CD4 + T CELLS IN HUMAN LYMPH NODES

abstract
Although many relevant immune reactions are initiated in the lymph nodes, this compartment has not been systematically studied in humans. Analyses have been performed on immune cells derived from tonsils, but as this tissue is most often inflamed, generalization of these data is difficult. Here, we analyzed the phenotype and function of the human CD4 + T cell subsets and lineages in paired resting lymph node and peripheral blood samples. Naïve, central memory and effector memory cells as well as Th1, Th2, Th17 and Tregs were equally represented in both compartments. On the other hand, cytotoxic CD4 + T cells were strikingly absent in the lymph nodes. CXCR5 + CD4 + T cells, representing putative follicular T helper (Tfh) cells were overrepresented in lymph nodes and expressed higher levels of Tfh markers than their peripheral blood counterparts. Compared to the circulating pool, lymph node derived CXCR5 + CD4 + T cells were superior in providing help to B cells. Thus, functionally competent Tfh cells accumulate in resting human lymph nodes providing a swift induction of naïve and memory antibody responses upon antigenic challenge.
CD4 + T CELLS IN HUMAN LYMPH NODES
3 introduction CD4 + T cells play a critical role in forming adaptive immune responses against various pathogens [1] [2] [3] . Furthermore, they are known to be involved in the pathogenesis of autoimmune diseases, asthma and allergic responses 4;5 . CD4 + T cells consist of several different T helper (Th) lineages, including Th1, Th2, Th17 and regulatory T cells (Tregs) 6;7 . Additionally, in CMV-infected individuals cytotoxic CD4 + T cells are found in the circulation [8] [9] [10] . In recent years, follicular T helper cells (Tfh) have been identified as the CD4 + T cell subset specialized in supporting activation, expansion and differentiation of B cells and they are required for the formation of germinal centers (GCs) 11;12 . Expression of CXCR5 and downregulation of CCR7 allows these cells to migrate from the T cell zone to the primary and secondary follicles, where they encounter antigen primed B cells 13;14 . Human tonsillar Tfh cells express high initiate levels of ICOS, CD40L, and PD-1 15;16 and the transcription factor BCL-6 17;18 and they produce the B-helper cytokine IL-21 19 . In the human peripheral blood (PB) CXCR5 + CD4 + T cells have a CCR7 + central memory phenotype. However, these circulating CXCR5 + CD4 + T cells lack the expression of ICOS, PD-1 and BCL-6 20 . Although adaptive immune responses are initiated in the lymph nodes (LN), human CD4 + T cells and their different lineages have only been thoroughly studied in the peripheral blood (PB), also in relation to disease [21] [22] [23] . The fact that the human secondary lymphoid compartment is rarely studied can be attributed to the difficulty in attaining lymphoid tissue. Tonsils, which are surgically removed because of recurrent or chronic inflammation, have been utilized in the past to study the secondary lymphoid compartment. However, because of the chronic inflammatory conditions, these studies likely reflect a skewed image. Data on the different Th lineages and in particular on Tfh cells in resting human LNs are still lacking.
In the present study, we had the unique opportunity to study CD4 + T cell subsets in paired human LN and PB samples. We studied the presence of the different CD4 + T cell subsets and lineages in the LNs and compared this to their presence in the PB compartment. Furthermore, we analysed phenotypical, but also functional characteristics of CXCR5 + cells from human LN in comparison to the PB.
materials and metHods
Subjects
We studied paired heparinized peripheral blood mononuclear cells (PBMC) and lymph node mononuclear cells (LNMC), which were isolated prior to, respectively during living donor kidney transplantation. EBV-and CMV-serostatus of the patients and their ages are set out in supplemental isolation of mononuclear cells from peripheral blood and lymph nodes PBMCs were isolated using standard density gradient centrifugation as described previously 25 . Lymph nodes were collected from kidney transplant recipients during living donor kidney transplantation. Briefly, LNMCs were isolated from surgical residual material of the recipient, gathered during the implantation of the transplanted kidney. Before anastomising the arteria and vena renalis, the iliac artery and vein are dissected free. The residual tissue removed in this procedure to obtain adequate vascular exposure, often contains lymph nodes. Directly after extraction, the gathered lymph nodes were chopped in small pieces. A cell suspension was obtained by grinding the material through a flow-through chamber. PBMCs and LNMCs were subsequently cryopreserved until the day of analysis.
virological analysis
To determine CMV serostatus, anti-CMV immunoglobulin G (IgG) was measured in serum using the AxSYM microparticle enzyme immunoassay (Abbott Laboratories, Abbott Park, IL, USA) according to the manufacturer's instructions. Measurements were calibrated relative to a standard serum. EBV serostatus was determined by qualitative measurement of specific immunoglobulin G (IgG) against the viral capsid antigen (VCA) and against nuclear antigen of EBV using respectively the anti-EBV VCA IgG enzyme-linked immunosorbent assay and the anti-EBV nuclear antigen of EBV IgG enzyme-linked immunosorbent assay (Biotest, Dreieich, Germany). All tests were performed following the instructions of the manufacturers. 
Cell sorting
For isolation of CXCR5 + memory T cells, cells were labeled with CD3 PE (eBioscience), CD4 APC, CD45RA PE Cy7, CXCR5 AF488 (BD Biosciences) and CCR7 PerCPCy5.5 (BioLegend). For isolation of B cells, cells were labeled with CD19 PE and CD20 APC (BD Biosciences). Cells were sorted on a FACSARIA (BD Biosciences). Purity of the obtained sorted cells was verified by flowcytometry and was at least 95%.
b cell co-culture and stimulation
Sorted LN and PB derived CXCR5 + CD4 + T cells were co-cultured with LN and PB derived B cells for 7 days. Cells were cultured in RPMI (Invitrogen) containing 10% fetal calf serum, 100U/ml sodium penicillin G (Brocades Pharma BV, Leiderdorp, The Netherlands) and 100ug/ml streptomycin sulphate (Invitrogen). For stimulation we added soluble 1ug/ml anti-CD3 (clone 1XE) and soluble 5ug/ml anti-CD28 (clone 15E8) to the cell culture.
eliSa igG igm
Supernatants were tested for secreted IgM and IgG with an in-house ELISA using polyclonal rabbit anti-human IgG and IgM reagents and a serum protein calibrator all from Dako (Heverlee, Belgium), as described previously in more detail 27 . + T cells were equally represented in LN and PB (figure 1B).
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th1, th2, th17 and tregs are evenly divided over the ln and pb compartment
To learn more about the distribution of the different T helper cell lineages over LN and PB, we analysed the chemokine-receptor expression pattern and cytokine producing capacity of the CD4 + T cells in both compartments. The chemokine-receptors CXCR3 and CCR6 can help distinguish between Th1, Th2 and Th17 cells [29] [30] [31] [32] [33] . We found that the percentages of CXCR3 + CCR6 -Th1, CXCR3 -CCR6 -Th2 and CXCR3 -CCR6 + Th17 memory CD4 + T cells were equal in PB and LN ( figure 2A and B) . Markedly, the figure 3A and B) . The amount of Tregs in the PB did not correlate with the amount in the LNs ( figure 3C ).
Overall, these data imply that the different Th lineages, consisting of Th1, Th2, Th17 and Tregs are equally distributed over PB and LN. However, IFNγ and IL-4/IL-5 double producing CD4 + T cells were somewhat over-represented in the PB compartment.
Cytotoxic, granzyme b + Cd4 + t cells are not detectable in the ln
Latent infection with cytomegalovirus (CMV) has a great impact on the composition of the PB CD8 + T cell compartment but not on the LN CD8 + T cell compartment 24 . We studied cytotoxic, granzyme B + , CD4 + T cells which have been shown to appear as a consequence of CMV infection 9;10;34 . In the PB, cytotoxic CD4 + T cells are characterized by the lack of expression of the costimulatory molecules CD27 and CD28 9 . Furthermore, they express CX3CR1 35 , which provides them with the capability to migrate to inflamed vascular endothelium. We found that CD27 -CD28 -(figure 4A and B), CX3CR1 + CCR7 -(figure 4C and D) and granzyme B + (figure 4E and F) CD4 + T cells were not at all detectable in LNs.
CXCr5
+ Cd4 + t cells accumulate in lns and express higher levels of tfh-markers as compared to their pb counterparts Tfh cells express CXCR5 and are specialized in providing help to B cells in the LN. In humans, but not in mice, CXCR5 expressing CD4 + T cells are also found in the PB. The percentage of CXCR5 expressing CD4 + T cells in resting LN (mean 27%, SD ±13%) was significantly higher than in the circulation (mean 12%, SD ±5%) (figure 5A). Interestingly, similar to Th2 cells, the percentage of CXCR5 + CD4 + T cells showed a strong correlation between PB and LN (figure 5B). LN CXCR5 + CD4 + T cells expressed significantly more ICOS (figure 5C and H) and PD-1 ( figure 5D and I) than their PB counterparts. Furthermore, LN CXCR5 + CD4 + T cells expressed significantly less CCR7 (figure 5E and J) and more CD69 as compared to PB derived CXCR5 + CD4 + T cells (figure 5F and K). IL-21 is a cytokine known to play an important role in class switch Figure 6A and B) . Furthermore, LN derived B cells were more potent producers of IgG as compared to PB derived B cells ( Figure 6A and B) . With regard to the production of IgM, the difference between LN and PB B cells was less obvious (Figure 6A and B) . As shown in figure 6C and D, LNs contained more switched memory phenotype CD27 + IgD -B cells, which may explain the difference found in IgG production by LN and PB B cells.
Together, these data show that LN derived CXCR5 + CD4 + T cells have superior capacity to provide help to B cells required for IgG and IgM production. 
discussion
Although most adaptive immune responses are initiated in the LNs, data on the distribution of differentiated Th cells within resting LNs and PB were still lacking. We are the first to compare the circulating CD4 + T-cell compartment to CD4 + T cells residing in resting LNs. Overall Th1, Th2, Th17 cells and Tregs were found to be equally spread over the two compartments, whereas cytotoxic CD4 + T cells were absent from the LNs. Furthermore, the resting human LN compartment comprised significantly more CXCR5 + CD4 + T cells than the PB compartment. Apart from significantly higher expression levels of ICOS, PD-1 and CD69 and lower expression of CCR7, these cells also provide stronger helper activity for Immunoglobulin (Ig) production in vitro than their PB counterparts.
The chemokine-receptor CCR7 and its ligands play an important role in directing the migration of T cells into the LNs 28 . Surprisingly, we found that Tn and Tcm cells, which both express CCR7, were not enriched in the LNs and that Tem, which lack CCR7 expression, were also equally present in PB and LN. This might be explained by the fact that the Tcm cells, once they have reached the LN, down-regulate CCR7 upon contact with its ligand CCL19 (25, 26) . Moreover, Tem cells might reach the LN by means of inflammatory chemokines and their receptors, such as CXCL10 and its receptor CXCR3 38 . Based on the low expression of cell activation markers such as Ki67 and HLA-DR (data not shown), the LNs analyzed in our study are presumably in a resting state. Still, they originate from the para-iliac region draining the pelvic area and parts of the intestine, areas which are constantly exposed to pathogens. Thus, low levels of CXCL10 might continuously be produced in these LNs, attracting CXCR3 expressing T cells from the peripheral blood compartment. LN and PB samples analysed in this study are derived from patients undergoing kidney transplantation. We can't exclude that end stage renal disease (ESRD) might have influenced our results. Loss of renal function has been associated with decreased responses to vaccination such as HBV 41 . Indeed, patients with ESRD have an increased susceptibility to infectious diseases and increased mortality caused by sepsis . The discrepancy between Th1/Th2 chemokinereceptor expression and cytokine production can also be caused by a disproportionate up-or down-regulation of chemokine-receptors in the different compartments.
Remarkably, we did not detect any cytotoxic GranzymeB + CD4 + T cells in LNs,
whereas they were present in the PB compartment of CMV seropositive individuals. Previously, we have established that circulating cytotoxic CD4 + T cells appear as a consequence of CMV infection 9;10 . Like CMV-specific CD8 + T cells, which were also shown to be mainly present in the PB compartment 24 , the cytotoxic CD4 + T cells express CX3CR1 and lack the expression of CCR7, favoring their migration to CMVinfected vascular endothelium [44] [45] [46] [47] . 
